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Abstract Biochar prepared from the pyrolysis of maple
wood was studied as supercapacitor electrode materials.
Three kinds of electrodes were fabricated: mini-chunk
electrodes, thin-film electrodes, and large-disk-chunk
electrodes. Their capacitive behaviors were studied using
cyclic voltammetry, galvanostatic charge—discharge, and
electrochemical impedance spectroscopy. The mini-chunk
supercapacitor shows an electrochemical behavior similar
to the supercapacitor using the thin-film electrodes. It
exhibits outstanding performance characteristic of a high
specific capacitance of approximately 32 F g~' and a high
stability without obvious capacitance decays upon 2,600
potential cycles. This indicates that the mini-chunk sup-
ercapacitor can be used as an mF-scale power source for
electronic device applications. Moreover, the mini-chunk
electrode provides a simple and fast technique to evaluate
biochar materials used as potentially high-performance,
low-cost, and environmental friendly supercapacitor elec-
trodes without the need of binder and complicated fabri-
cation procedures. However, the supercapacitor using
large-disk-chunk biochar electrodes shows lower specific
capacitive performance due to the high ohmic resistance
stemming from long tubular structures within biochar.
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1 Introduction

The need to store and use energy on diverse scales in a
modern technological society necessitates the design of
large and small energy systems, among which electrical
energy storage systems have attracted much interest in the
past several decades [1]. Supercapacitors, also known as
ultracapacitors or electrochemical double-layer capacitors,
are energy storage devices with high power density, fast
charge and discharge rate, and long service life [2]. It can
complement or replace batteries in electrical energy storage
and harvesting applications, when high-rate power delivery
or uptake is needed [3-5]. Small-scale supercapacitors can
be integrated with microelectronic devices to work as
stand-alone power sources or as efficient energy storage
units complementing batteries and energy harvesters,
leading to wider use of these devices in many industries
[6].

Various materials have been investigated as promising
electrode materials for supercapacitors and been generally
categorized into two major classes: (1) pseudocapacitive
materials such as metal hydroxides [7], transition metal
oxides [8, 9] and conducting polymers [10]; and (2) car-
bon-based materials in which charging—discharging fol-
lows an electric double-layer mechanism. Carbon materials
have been widely used in supercapacitors because of their
low cost, versatile existing forms (for example powders,
fibers, felts, composites, mats, monoliths, and foils), and
easy processability [11]. Because of various forms of car-
bon materials, designs of the electrodes for supercapacitors
are diverse. Thin-film electrodes are the most widely used.
They are normally fabricated by mixing carbon materials
with binder to make slurry followed by printing or rolling
to make film electrodes [12, 13]. In some cases, ready-
made carbon materials with flat appearance such as carbon
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paper or carbon foil were used as electrodes directly [14,
15].

Biochar is a novel carbon-rich material produced
through the pyrolysis of biomass such as wood, shell,
husks, or crop residues [16, 17]. The production of biochar
is low cost and environmental friendly [18]. A two-step
process is usually pursued for the preparation of the elec-
trode materials of biochar supercapacitor: a carbonization
of biomass into biochar and a post-activation of the biochar
[19]. The carbonation of biomass is often performed with
heating temperature range from 500 to 900 °C in a low
oxygen atmosphere [18, 20]. The post-activation is
achieved by mixing the precursor with an activating
reagent such as H3PO,, ZnCl,, and KOH, then removing
the unreacted chemicals [20-22]. In some previous works
of biochar supercapacitors, the activated biochar shows
very promising supercapacitor performance [19, 23, 24]. It
has been recently reported by our group that ultra-high
carbon content biochar can be obtained from red cedar
wood and the activation using HNOj; can effectively
increase the number of surface oxygen groups to achieve
high capacitance [25].

In the present work, biochar made from maple wood
was used as electrodes for supercapacitor in three different
forms: mini-chunk, thin-film, and large-disk-chunk. We
have found that the biochar supercpacitor using mini-chunk
electrodes shows very similar electrochemical behavior
and specific capacitance, compared to the supercapacitor
using the thin-film electrodes. However, the supercapacitor
using the large-disk-chunk electrodes exhibits large ohmic
resistance and poor charging and discharging properties.
These facts indicate that (1) the mini-chunk biochar sup-
ercapacitor can be directly used as an mF-scale superca-
pacitor power source; and (2) the mini-chunk biochar
electrode can provide a simple and fast technique to
evaluate various biochar materials for supercapacitor
applications.

2 Experimental
2.1 Preparation of biochar

Biochar was prepared through the pyrolysis of maple wood
at 750 °C for 2 h in N, atmosphere. Pieces of maple
chunks were put into quartz tube furnace, with flowing N,
at 40 mL s~'. The heating treatment was performed at
200 °C for 2 h to remove water content, followed by
increasing to 750 °C and held for another 2 h to remove
bio-oil and biogas and carbonize biomass into biochar.
Both the heating and cooling rate were kept at 3 °C min~".

After the heating treatment, the biochar chunks were made
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Fig. 1 Schematic diagram of a biochar mini-chunk (a) or thin-film
(c) supercapacitor, and low-resolution SEM images of a biochar mini-
chunk (b) or thin-film (d) electrode. Insert to d Photo of a 1 x 1 cm?
biochar thin film supported on a 304 stainless steel shim

into three types of electrodes for biochar supercapacitors
following the procedures described below.

2.2 Preparation of supercapacitors

The symmetrical supercapacitors were used for evaluation,
and three kinds of designed electrodes were fabricated,
including mini-chunk electrodes, thin-film electrodes, and
large-disk-chunk electrodes. The mini-chunk electrodes
were made from the as-prepared biochar by cutting them
into small monoliths of 0.1 cm x 0.1 cm x 0.05 cm and
approximately 1.0 mg in mass. Gold wires of 0.01 cm in
diameter were used as current collector by wrapping them
onto the mini-chunk electrode. The thin-film electrodes
were made by printing the slurry made of biochar powder
onto stainless steel shims. The preparation procedures were
as follows. The carbonized biochar was first ground into
powder, from which 0.045 g biochar powder was mixed
with 0.10 g 5 wt% Nafion solution. The mixture was ultr-
asonicated for 10 min to form homogeneous suspension
slurry, and then printed onto the stainless steel shims (304
stainless steel with 50 pum in thickness) with an active area
of 1 cm x 1 cm. The ink was dried at 120 °C for 2 h in
air. After drying, thin films of 200 pm in thickness were
formed and adhered onto the stainless steel shims. The
large-disk-chunk electrodes were fabricated by cutting the
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as-prepared biochar into disk-shaped slices with the geo-
metric area of 0.18 cm” and thickness of 700 pm. All
electrodes were immersed into 0.5 mol L™! HNOj solution
at room temperature overnight for the post-activation to
increase the surface hydrophilicity and the numbers of
surface oxygen groups. The electrodes were rinsed by
deionized water before testing. For the capacitive perfor-
mance evaluation, two similar electrodes were used to
construct a supercapacitor and 0.5 mol L™ H,SO, solution
was used as electrolyte. The schemes of the supercapacitors
with mini-chunk and thin-film electrodes were shown in
Fig. 1a, c, respectively.

2.3 Characterization

Morphology of biochar electrodes was characterized using
a Philips XL30 ESEM-FEG field-emission environmental
scanning electron microscope (SEM) operating at 15 kV.
Brunauer-Emmett-Teller (BET) surface area was mea-
sured using physical adsorption of nitrogen molecules on
the surface of maple biochar powder activated by nitric
acid. The BET instrument is a Micromeritics Gemini VII
2390 V1.03 surface area/pore volume analyzer. Raman
measurements were performed using a high-resolution
research-grade Horiba LabRAM HR 3D-capable Raman
spectroscopy imaging system. All electrochemical mea-
surements were conducted using Autolab general purpose
electrochemical instrument PGSTAT30 (Metrohm, USA).
The capacitive behavior was studied using cyclic voltam-
mograms (CV) recorded at different scan rates and galva-
nostatic charge—discharge at different current densities.
Alternating current (AC) impedance spectra were mea-
sured in the frequency range from 1 M to 50 mHz. The
stability of a supercapacitor was evaluated by applying
potential cycles between —0.5 and 0.5 V to the two sym-
metrical electrode supercapacitors.

3 Results and discussion

Figure 1b, d are the low-resolution SEM images of the
mini-chunk electrodes and thin-film electrodes and Fig. 2
are the magnified SEM images. The mini-chunk electrode
in rectangular shape (Fig. 1b) exhibits parallel through
chunk channels. Pores with two different sizes shown in
Fig. 2a correspond to the surface section of these channels.
The large ones were in oval shape with dimension of
50-100 pm. Between them were some small honeycomb
pores with less than 10-pum diameter. These suggest that the
parallel tubes were different in interior diameter. Figure 2b
corresponds to the cross section of the mini-chunk elec-
trode. It is clear to observe the internal surfaces of the
parallel channels with different diameters. The wall

thickness between the channels is estimated to be 2 pm.
These tubular channels in the biochar provide enough
space for electrolyte solution to go through the biochar
electrode and increase the electrolyte and electrode inter-
faces. Figure 2c shows the appearance of thin-film elec-
trode. The film is flat without crack and the powders are
packed loosely and randomly. In the magnified image of
the thin-film electrode shown in Fig. 2d, the ground bio-
char particles sized between 10 and 40 um, and maintain
the microstructure of raw biochar materials with some
small pores. But the tubular channels were shortened after
the mini-chunk was ground into the powders.

Figure 3a shows the nitrogen adsorption isotherms of
the activated maple biochar. The BET specific area is
303 m? g, similar to that of the biochar studied previ-
ously [25]. The pore size distribution curve is shown in
Fig. 3b. The peak pore size of this sample centered at
0.5-1.0 nm, which is located in micropore range. This
class of micropores can be accessed by aqueous electrodes
and contribute to electrochemical capacitance. The Raman
spectroscopy result is shown in Fig. 4. The peak located
around 1,345 and 1,570 cm ™! are attributed to the disorder-
induced D band and graphite G band, respectively. The
relative intensity between the D versus G band is associ-
ated with the increase of carbon disorder. The relative
intensity is 0.98, suggesting that high ratio of ordered
graphite carbon has been formed in the maple biochar.

Cyclic voltammograms measured at different scan rates
for the supercapacitors with mini-chunk and thin-film
electrodes are shown in Fig. 5. The CV curves of both
electrodes show similar quasi-rectangular shape, indicating
excellent ion transport behavior and similar electrochemi-
cal behavior. No obvious redox peaks were observed from
the CV curves. This indicates that the supercapacitors are
charged and discharged at a pseudo constant rate over the
entire voltammetric cycles [26]. The CV curves became
more rectangular at a lower scan rate and show increased
distortion as the high scan rate is increased. That is mainly
attributed to the limited diffusion and migration of elec-
trolyte ions in the bulk, which is a common disadvantage of
carbon monoliths [23]. From the CV curves, the capaci-
tance can be estimated from the enclosed area of the cyclic
voltammograms, the potential window, and the scan rate.
The two electrodes have similar specific capacitance as
they show nearly the same curves at the same scan rate,
implying that the mini-chunk electrode has the similar CV
properties of the thin-film electrode in biochar
supercapacitors.

The charge—discharge behaviors of the two electrodes
were characterized under galvanostatic conditions. At the
same current density of 0.5 A g~', the curves of two
electrodes show similar triangular shape, indicating the
similar capacitive behavior. There is a sudden voltage drop
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Fig. 2 SEM images of supercapacitors electrodes. a Surface section of a mini-chunk electrode; b cross section of a mini-chunk electrode;
¢ surface section of a thin-film electrode; d magnification of the thin-film electrode
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Fig. 3 Adsorption isotherm (a) and BJH adsorption plot (b) for maple biochar powder

in the charge and discharge voltage—time profiles, which is
due to the ohmic drop (also known as IR) at the initial stage
of the charge and discharge process. The specific capaci-
tance C,, (in F g_l) can be calculated from the galvano-
static charge—discharge curves according to the following

equation:
C IxNM
Cr=— =,
m AV xm

(1)

where I (A) is the discharge current, Ar (s) is the dis-
charging time, AV (V) represents the potential drop during
the discharge process, and m (g) is the mass of the biochar
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content in electrodes [23]. With the same current density (I/
m), the slope of the linear part of the curves (AV/Atr)
determines the specific capacitance. So with similar slope
of charge—discharge curves, these two electrodes show
similar specific capacitors. The dependence of specific
capacitance on the charge—discharge current density is
listed in Fig. 6b. The mini-chunk and thin-film superca-
pacitors show the very close specific capacitance as the
current densities were increased 0.5-2.0 A g~'. When
0.5 A g~' current was applied, the specific capacitance is
31 F g~ ! for the mini-chunk supercapacitor and 32 F g~'
for the thin-film supercapacitor. As the supercapacitor
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Fig. 5 Dependence of cyclic voltammograms for a biochar mini-
chunk (a) or thin-film (b) supercapacitor as a function of scan rate

constructed with two symmetrical electrodes, the specific
cell capacitance is only one fourth of that of an individual
electrode. This result is favorably comparable to the sup-
ercapacitors employing advanced carbon materials such as
graphene and carbon nanotube as the electrodes [27].

To further study the capacitive behavior of the biochar
supercapacitors, the electrochemical impedance spectros-
copies were measured from 100 M to 50 m Hz. The first
intercept on the real-axis at high frequency corresponds to

Current/A g™

Fig. 6 a Potential-time transients for biochar mini-chunk (solid) or
thin-film (dash) supercapacitor upon applying a 0.5 A g~' polariza-
tion of 30 s for five cycles; and b their dependence of specific
capacitance on charge—discharge current
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Fig. 7 Electrochemical impedance spectra for a biochar mini-chunk
(a) or thin-film (b) supercapacitor measured at 600 mV. Inset The
spectra for a large-disk-chunk capacitor

the ohmic resistances stemming from the electrolyte solu-
tion, the lead wire, the separator, and the contact between
the electrode and the current collector [28]. The intercepts
between low and high frequency correspond to electrode
reaction resistance. In Fig. 7, the intercepts between low
and high frequency of the impedance spectra of the mini-
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Fig. 8 Variation of specific capacitance as a function of cycle
number for a biochar mini-chunk, thin-film, and large-disk-chunk
supercapacitor

chunk and thin-film supercapacitors are very close, sug-
gesting the similar electrode reaction resistance of the
mini-chunk electrode and thin-film electrode. In the low
frequency region, the impedance plot generally shows an
almost linear behavior. The steeper slope indicates that
double-layer charge-storage phenomena are more dominant
[28]. The deviation of the phase angle of the linear region
from theoretical 90° is probably caused by the pore struc-
ture of biochar electrodes.

The stability of the biochar supercapacitors with mini-
chunk and thin-film electrodes was evaluated using
potential cycles. The specific capacitance calculated from
CV curves as a function of the cycle number is plotted in
Fig. 8. After 2,600 cycles, the mini-chunk and thin-film
supercapacitors keep high capacitance without obvious
degradation, indicating that both of them have good sta-
bility. Their specific capacitances are very close. The
slightly lower value of the mini-chunk supercapacitor will
be discussed in the following sections.

Based on the above CV curves, galvanostatic charge—
discharge curves, AC impedance spectra, and the durability
test, the mini-chunk electrodes demonstrates the same
capacitive behavior of thin-film electrodes. Without using
binder and complicated procedures for fabricating thin-film
electrodes, the mini-chunk electrode provides a simple and
fast method to characterize the supercapacitive perfor-
mance of biochar materials. Moreover, the mini-chunk
supercapacitor can be directly used as an mF-scale
supercapacitor.

We have further evaluated the potential of developing
an F-scale biochar supercapacitor using larger biochar
chunk electrodes. The schematic diagram of a large-disk-
chunk biochar supercapacitor is shown in an inset to
Fig. 9a. The disk-chunk electrode used has a thickness of
700 pm, a geometric disk area of 0.18 cm?, and a mass of
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electrodes in 0.5 mol L3 H,SO,

0.083 g. It is approximately 80 times heavier than the mini-
chunk electrode used above. Figure 9a shows that the CV
curves are still in a quasi-rectangular shape, but the
enclosed area is much smaller compared to those for the
mini-chunk and thin-film supercapacitors. In the galvano-
static charge—discharge curves shown in Fig. 9b, an
immediate potential drop of 0.40 V was observed once
0.5 A g~' current was applied. This high value strongly
indicates that there is a high ohmic resistance associated
with the large-disk-chunk electrode. In the impedance
spectra shown in the inset to Fig. 7, the large-disk-chunk
supercapacitor shows a non-linear region at low frequency.
This deviation from the linear regions observed for the
mini-chunk and thin-film supercapacitors indicates that the
capacitive behavior for the large-disk-chunk supercapacitor
is more complicated. The durability evaluation of the large-
disk-chunk supercapacitor was shown in Fig. 8. Its per-
formance is stable over 2,600 cycles but with lower specific
capacitance (13 F g 1.

Taken all together, the large-disk electrode exhibits
much worse capacitive properties. In the charge—discharge
voltage—time profiles shown in Fig. 9b, the sudden voltage
drops correspond to the ohmic drop (IR) at the initial stage
of the charge and discharge processes. The large-disk
electrode exhibited a larger IR drop of 0.40 V while the IR
drop for mini-chunk electrode and film electrode was only
0.08 V. The reasons are two folds. Firstly, the longer
tubular channels in the large-disk electrode cause a higher
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ohmic resistance for the electrolyte penetration. Secondly,
there is need to improve the electrical contact between the
large-disk-chunk electrode and the current collector. In the
contrast, the tubular channel is much shorter in the mini-
chunk electrode, and partially broken in the thin-film
electrodes, which accounts for a relatively higher specific
capacitance of thin-film electrode than that of mini-chunk
electrodes (Fig. 8). Therefore, there is a need to optimize
large-disk-chunk electrodes for F-scale supercapacitor
applications because of high resistance response.

4 Conclusions

Three types of biochar supercapacitor electrode, mini-
chunk electrodes, thin-film electrodes, and large-disk-
chunk electrodes were studied for supercapacitor applica-

tions. Both the mini-chunk and thin-film electrodes showed

good capacitive performance of approximately 30 F g™ in

two symmetrical electrode supercapacitors and no degra-
dation after 2,600 CV cycles. However, the large-disk
electrodes exhibited worse capacitive properties because of
the large resistance caused by the long tubular channels.
The capacitive performance of thin-film electrodes can be
reproduced in the small monolith of mini-chunk electrode.
Without using binder and other additives, the mini-chunk
electrode technique provides a simple and fast technique to
evaluate various biochar materials for supercapacitor
applications. The mini-chunk biochar supercapacitor can
be directly used an mF-scale supercapacitor power source.
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